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August 25, 2008 

ABSTRACT 

Aims. The aim of this paper is to investigate the environment of gamma ray bursts (GRBs) and the interstellar matter of their host 
galaxies. 

Methods. We use to this purpose high resolution spectroscopic observations of the afterglow of GRB050922C, obtained with 
UVES/VLT ~ 3.5 hours after the GRB event. 

Results. We found that, as for most high resolution spectra of GRBs, the spectrum of the afterglow of GRB050922C is complex. At 
least seven components contribute to the main absorption system at z = 2.1992. The detection of lines of neutral elements like Mgl 
and the detection of fine-structure levels of the ions Fell, Sill and CII allows us to separate components in the GRB ISM along the line 
of sight. Moreover, in addition to the main system, we have analyzed the five intervening systems between z = 2.077 and z = 1.5664 
identified along the GRB line of sight. 

Conclusions. GRB afterglow spectra are very complex, but full of information. This can be used to disentangle the contribution of 
the different parts of the GRB host galaxy and to study their properties. Our metallicity estimates agree with the scenario of GRBs 
exploding in low metallicity galaxies 

Key words, gamma rays: bursts - cosmology: observations - galaxies: abundances - ISM 



1. Introduction 

Soon after the discovery of the cosmological origin of gamma- 
ray bursts (GRBs) it was realized that they provide powerful 
tools to investigate the high redshift Universe. Minutes to hours 
after a GRB, its optical afterglow can sometimes be as bright as 
magnitude 13-18, such that it can be used as a bright beacon to 
gather high resolution (a few tens of km s _! in the optical band), 
high quality (signal to noise > 10 per resolution element) spec- 
tra. Absorption lines produced by the matter along the line of 
sight are superimposed on these spectra and allow a detailed in- 



vestigation of the medium surrounding the GRB and of the host 
galaxy interstellar matter (ISM). 

As of today, about a dozen GRBs have been observed with 
high resolution spectrographs (and less tha n one hundred with 
standard low resolution spectrographs, see ISava glio 200g and 
references therein). These high resolution spectroscopic obser- 
vations showed that the absorption systems along GRB sight- 
lines are complex, with many components. They are resolved 
down to a width of a few tens kms -1 and contribute to each 
main absorption system, spanning a total velocity range of typi- 
cally hundreds km s . In one case, GRB021004, all the systems 
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likely to be associated to the GRB host gala xy span a velocity 
range of a few thousands km s _1 , although IChen et all {2007) 
suggest that the high velocity 3000 km s _1 CIV component may 
no not be related to the GRB host galaxy. Both low and high- 
ionization lines are normally observed, as well as fine struc- 
ture lines of CII, Sill, OI, Fell etc. This is at odds with what 
is observed from high resolution spectroscopy of QSO "asso- 
ciated" absorption lines (AALs; iD'Odorico et al.ll2004l) . First, 
the equivalent widths and the inferred optical depths along GRB 
sightlines are much greater than both QSO AALs and those as- 
sociated with galaxies along QSO sightlines. Second, despite 
more than 30 years of investigations, only sparse detections of 
fine-structure lines are available along QSOs sightlines due to 
a lower density environment around them. Fine structure lines 
have been detected only in Broad Absorption Line QSO spectra 
dSrianand & Petitiearil200Ul2000tlHali et alj|2002l) . 

The main reasons for these marked observational differences 
are probably linked to the characteristics of the phenomena and 
to their host galaxies. QSOs are long-lasting sources that ionize, 
partially or totally, the gas over their entire host galaxy. Instead, 
GRBs are transient phenomena, affecting only smaller regions, 
close to the site of the GRB explosion. Moreover, the star- 
forming regions surrounding GRBs are probably much richer in 
enriched gas than the giant e lliptical galaxie s, which are the typ- 
ical host of luminous QSOs dSavag lio 2006). On the other hand, 
faint metal line systems along QSO sightlines probe mainly 
galaxy haloes, rather than their bulges or discs. Therefore, GRBs 
constitute a complementary tool to investigate the ISM of typical 
high redshift galaxies. 

After the first pioneering programs that used BeppoS AX and 
HETE2 triggers to obtain high resolution spectrosc opy of the 
optica l afterglows 12-24 hours after the bursts (e.g. lFiore et al.l 
120051) . we are now in a "golden age" for this kind of studies. 
This is because of the GRB-dedicated Swift satellite which pro- 
vides accurate GRB positions on time scales as short as tens of 
seconds, and the rapid response mode (RRM) of the ESO/VLT. 
Using this new revolutionary observing mode it is possible to 
obtain GRB afterglow spectra from an 8m class telescope with 
delays from ~10 min down to a few hours after the GRB event. 

The absorption systems along GRB sightlines can be di- 
vided into three broad categories: (1) systems associated with 
the GRB surrounding medium. The physical, dynamical and 
chemical state of the medium in the star-forming region hosting 
the GRB progenitor can be modified by the GRB (long type), 
through shock waves and ionizing photons. Strong fine structure 
lines are always observed in these systems. Physical and geo- 
metrical parameters for the absorbers can be derived comparing 
the o bserved line ratios to those predicted by ionization codes 
(e.g. iNicastro et al.l fl999t iPerna & Lazzatil 120021: lLazzati et all 
2006: IVreeswiik et al.ll2.Q07h . (2) Systems associated with ran- 
dom clouds of the ISM of the host galaxy along the line of sight. 
These systems show low ionization lines and ground state lines, 
implying distances from the GRB explosion site larger than a 
few hundred pc. (3) Systems originating in the intergalactic mat- 
ter along the line of sight. 

The distinctio n between the first and second c ategory is not 
always clear cut. lDessauges-Zavadskv etaU d2006l) analyzed the 
afterglow spectra of GRB 020813 obtained in two epochs. They 
report a decline by a factor of 5 in the equivalent width of the 
Fe II /12396 transition, giving an e stimate on its di s tance from 
the afterglow of about 50-100 pc. IVreeswiik et al.l d2007l) dis- 
covered large variations of Fell fine-structure lines in the spec- 
tra of GRB060418 on rest frame time scales of a fraction of an 
hour, and interpreted them as due to ultraviolet (UV) pumping 



from the afterglow radiation field. Their detailed modeling of 
the observed variability suggests a distance of the Fell absorb- 
ing cloud from the GRB explosion site of ~ 1 .7 kpc, comparable 
to the size of a typical galaxy at z ~ 1 -4. This would imply that, 
at least in this case, the entire galaxy (or a significa nt fraction 
of it) is affected by the GRB explosion. Recently D'Eli a~et~ai1 
(2008) analyzed the high resolution spectra of GRB0803 19B af- 
terglow 9 minutes and 8 hours after the GRB onset. They found 
the strongest Fe II fine structure lines ever observed in a GRB. A 
few hours later the optical depth of these lines was reduced by a 
factor of 4-20, and the optical/UV flux by a factor of ~60. This 
proves that the excitation of the observed fine structure lines is 
due to "pumping" by the GRB UV photons. A comparison of the 
observed ratio between the number of photons absorbed by the 
excited state and those in the Fe II ground state suggests that the 
six absorbers are * 18 - 34 kpc from the GRB site. 

Our goal is to better disentangle different absorption sys- 
tems by using Ultra-violet and Visual Echelle Spectrograph 
(UVES; iDekker et al.l [2000) observations of GRB050922C. 
The burst w as detected by S wift on 2005 September 22 
19:55:50 UT dNorris et al. ||2005|) and, after 4 s, by Konus/Wind 
dGolenetskii et alj |2005). ROTSE discovered a bright transient 
source at RA(J2000) = 21 h 09 m 33 s :i and DEC(J2000) = 
-08°45'2978, 172.4 s after the burst, which was promptly identi- 
fied as the optical afterglow of GR050922C dRvkoff et alj|2005l) 
with a magnitude R =U.7. The redshift of the GRB, z = 2.1992, 
was determined by Jako bsson et al.l d2005l) using ALFOSC at the 
Nordic Optical Telescope at the Observatorio del Roque de los 
Muchachos in La Palma. This redshift was confirmed shortly 
after through TNG/DOLoRes spectroscopy dPiranomonte et all 
2005). The afterglow was then observed by UVES/VLT at high 
spectroscopic resolution (R ~ 40000) about 3.5 hours after 
the burst, when its magnitude was R = 19.0. The spectrum of 
GRB050922C is especially rich of features and contains clear 
examples of the three system categories discussed above. In ad- 
dition to the main system at z=2.1992, there are five intervening 
system s at z = 1.5664, 1 9891, 2.0087, 2.077, 2.1421 (confirmed 
also bv lSudilovskv et alj|2007b . 

The system associated with the host galaxy presents sev- 
eral components, some showing strong high-ionization lines and 
strong fine-structure lines, some showing only low-ionization 
transitions, thus suggesting that we detect in this GRB both the 
circum-burst medium and random clouds of the host galaxy ISM 
along the line of sight. 

This paper is organized as follows. Section 2 presents the 
observations and data reduction; Section 3 gives a brief sum- 
mary of all absorbing systems identified in the UVES spectrum; 
Section 4 presents a detailed analysis of the absorption features 
belonging to the main absorption system at z = 2.1992; finally, 
in Section 5 the results are discussed and conclusions are pre- 
sented. 



2. Observations and data analysis 

2.1. VLT observations 

In the framework of ESO program 075.A-0603 we observed the 
afterglow of GRB050922C with UVES mounted at the VLT- 
UT2 telescope. Table Q] gives the log of the observations. Both 
UVES dichroics, as well as the red and the blue arms, were used. 
This allowed us to achieve a particularly wide spectral cover- 
age, extending from ~ 3200 A to ~ 10000 A. In order to max- 
imize the signal to noise ratio the CCD was rebinned in 2 x 2 
pixels. The data reduction was carried out by using the UVES 
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Fig. 1. The full high resolution spectrum of GRB050922C. Dashed lines represent the noise spectrum. 



pipeline dBallester et al.ll2000h . The final useful spectra extend 
from about 3750 A to about 9780 A. Following iFiore et al.l 
(2005|) the total spectrum was rebinned to 0.1 A to increase 
the signal-to-noise ratio. This resolution is still good enough to 
sample with at least 3-4 bins weak lines. The resolution element, 
set to two pixels, ranges then from 14 kms -1 at 4200 A to 6.6 
kms~' at 9000 A. The noise spectrum, used to determine the 
errors on the best fit line parameters, was calculated from the 
real-background-subtracted and rebinned spectrum using line- 
free regions. This takes into account both statistical errors and 
systematic errors in the pipeline processing and background sub- 
traction. 

2.2. Column densities 

The line fitt ing was performed using the MIDAS package 
FITLYMAN dFontana & Ballester|[l995h . This uses a Voigt pro- 
file and yields independently the column density N and the 
Doppler parameter b for each absorption component. For each 
absorption system several lines, spread over the entire spectral 
range covered by the UVES observations, were fitted simultane- 
ously, using the same number of components for each line, and 
the same redshift and b value for each component. 

In all of the following figures showing plots from 
FITLYMAN (Fig. |2l- |T0b the x-axis represents the velocity shift 
of the gas with respect to the zero, the y-axis represents the flux 
normalized to 1 for each element, the horizontal blue lines and 
dashed blue lines represent the flux level of the spectrum nor- 



malised to 1 and zero point respectively. The red line corre- 
sponds to the fit profile of the individual components and the 
magenta and green lines correspond to the polynomial approxi- 
mation of the noise and residual spectrum respectively. 

3. Summary of the absorption systems 

The high resolution spectrum of GRB050922C (see Fig. Q]) ex- 
hibits a large number of absorption features, belonging to dif- 
ferent absorption systems. The main system is due to the gas 
inferred to be in the host galaxy, at redshift z = 2. 1992. We iden- 
tified five more intervening absorbers at z < 2. 1992 (z - 1.5664, 
1.569 1, 1.9891, 2.0087, 2.077 and 2.1416). ISudilovskv et all 
(120071) found one more intervening systems z = 1.691 1, but we 
could not confirm that this is real because the C IV doublet is co- 
incident with the Sill/11304 and OL11302, 01*^1304 of the main 
system at z = 2.1992. 

Each system is briefly illustrated in the next subsections. 

3.1. The host galaxy at z = 2.1992 

This is the system with the highest number of features in the 
UVES spectrum. Fig.Q]shows the Ly-or absorption at ~ 3870 A. 
The redshift inferred from this feature is confirmed by a high 
number of metal-line transitions, the narrowest of which allow 
a more precise determination: z - 2.1992 + 0.0005. This sys- 
tem exhibits a large number of absorption lines, from the neutral 
hydrogen Ly-a and neutral metal-absorption lines (OI, NI and 
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Table 1. Journal of observations. 



Date 


Dichroic 


Central wavelength 


Slit width Seeing 


Exposure 


Time since GRB 


(UT) 




Blue aim Red arm 


(") (") 


(min) 


(hr) 


09/22/05 00:07:17 


1 


3460 A 5800 A 


1 SS 1 


50 


4.15 


09/22/05 01:02:09 


2 


4370 A 8600 A 


1 < 1 


50 


5.07 



Fel) to low-ionization lines (C II, Si II, Mg II, Al II, Fe II, Al III) 
and high-ionization absorption features (C IV, Si IV, N V, P V, 
O VI). In addition, strong fine-structure lines (CII*, Sill*, OI*, 
Oil**, Fell*, OIII**) have been identified. The total velocity 
range spanned by this system is ~ 210 kms" 1 . This system is 
discussed in detail in the next sections. 

3.2. The intervening absorber at z = 2.1416 

The intervening system at z — 2.1416 shows one main compo- 
nent spanning a velocity range of ~ 20 kms~' (see Fig . [2j ■ This 
system presents HI and the CIV transition. The total HI column 
density is logN(HI)= 18.1 ±0.1 cnr 2 . 

The derived column density of CIV is given in Table [2] 



arate the two components for HI. The total HI column density is 
logN(HI)=20.3±0.3 cm" 2 . 



Table 3. Column densities for the z = 2.077 intervening system. 



Transition 


2.077a 


2.077b 


Fell 


14.45±0.08 


13.06±0.04 


Sill 


14.18±0.08 


13.54±0.07 


Nil 


14.56±0.06 


13.26±0.06 


CII 


15.7±0.3 


14.3±0.3 


Silll 


13.9±0.6 


12.5±0.3 


OI 


15.6±0.3 


14.4±0.2 


NI 


14.2±0.1 


13.4±0.2 


Aim 




12.2±0.1 


SilV 


13.05±0.09 


12.5±0.2 


CIV 


13.70 ±0.06 


13.3+0.1 



Table 2. Column densities for the z = 2.1416 intervening sys- 
tem. 



Transition 


2.1416 


CIV 


13.29±0.07 




-3ZQ -ISO O ISO 3ZO 



Fig. 2. The intervening absorber at z — 2.1416. The zero of the 
velocity scale refers to this redshift. 



3.3. The intervening absorber at z = 2.077 

The intervening system at z — 2.077 shows two main com- 
ponents spanning a velocity range of ~ 50 kms" 1 (see Fig. 
0. This system presents HI and neutral metal-absorption lines 
(OI, NI), many low-ionization lines (Fell, Sill, Nil, CII) and 
some high-ionization transitions (Sim, A1III, SilV, CIV). The 
derived column densities are given in Table [3] We could not sep- 



3.4. The intervening absorber atz- 2.0081 

The intervening system at z — 2.0081 shows four main compo- 
nents spanning a velocity range of ~ 140 km s _1 (see Figj4j). This 
system presents HI, one low-ionization line (Mgll) and some 
high-ionization transitions (SilV, CIV). The derived column den- 
sities are given in Table|4] We could not separate the four compo- 
nents for HI. The total HI column density is log /V(HI)= 18.2+0.2 
cnr 2 . 

Table 4. Column densities for the z = 2.0081 intervening sys- 
tem. 



Transition 


2.0081a 


2.0081b 


2.0081c 


2.008 Id 


SilV 


12.4±0.2 


12.2±0.3 


13.5+0.1 


12.5±0.2 


CIV 


13.1±0.1 


13.5+0.1 


14.8+0.1 


13.7±0.1 


Mgll 




12.0+0.2 


12.64± 0.04 





3.5. The intervening absorber at z - 1.9885. 

The intervening system at z — 1.9885 shows three main compo- 
nents: z = 1.9885a, 1.9885b and 1.9885c, spanning a velocity 
range of ~ 120 kms 1 (see Fig. [5]). It presents HI and high- 
ionization lines (SilV, CIV). We could not constrain the SilV 
1393 transition because it is blended with the saturated OI 1302 
line from the GRB host galaxy. The derived column densities are 
given in Table We could not separate the three components for 
HI. The total HI column density is log/V(HI)=18.2 ±0.4 cnr 2 . 

Table 5. Column densities for the z — 1 .9885 intervening sys- 
tem. 



Transition 


1.9885a 


1.9885b 


1.9885c 


CIV 


13.78±0.05 


14.2+0.1 


13.79±0.04 
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Fig. 3. The intervening absorber at z = 2.077. The zero of the 
velocity scale refers to this redshift. 



Fig. 4. The intervening absorber at z = 2.0081. The zero of the 
velocity scale refers to this redshift. 
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3.6. The intervening absorbers atz- 1.5691 and at 
z= 1.5664. 



Fig. 5. The intervening absorber at z = 1.9885. The zero of the 
velocity scale refers to this redshift. 



We discuss the intervening system atz = 1.5691 and z = 1.5664 
together, because the velocity shift between them is very small. 
They show high ionization line (CIV) and low ionization line 
(CII), (see Tableland Fig.gJ. 



Table 6. Column densities for the z = 1.5664 and 1.5691 inter- 
vening systems. 



Transition 


1.5664a 




CII 


13.6±0.2 




CIV 


13.70*0.07 




Transition 


1.5691a 


1.5691b 


CII 




13.4±0.3 


CIV 


14.16±0.08 


14.1 ±0.1 



4. The z = 2.1992 absorption system: physical 
properties of the GRB environment and host 
galaxy ISM 

This system is most likely associated with the GRB host 
galax y. Likewise most GRB host galaxy absorption systems 



(e.g.lFiore et al|2005l:lD'EIia et alj|2007t IVreeswiik et alj |2007t 
iProchaska et al.l2006i 120081: iD'Elia et al.l2008l) it presents many 
components, spanning a rather large velocity range (~ 210 
kms -1 ). Interestingly, different components exhibit different 
transitions: some exhibit low-ionization lines, high-ionization 
lines and fine-structure lines, some exhibit low-ionization lines 
only. An example is given in Figure [7] Six components, la- 
beled from (a) to (f), are identified for the SilV and CIV dou- 
blets, spanning a velocity range from -75 to +140 kms _I . Each 
component has a width from 10 to 25 kms -1 . Component (c) 
has nearly zero velocity shift and it may be associated with the 
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Fig. 6. The intervening absorber at z — 1.5664 and z = 1.5691. 
The zero of the velocity scale refers to a redshift between the 
two. 



GRB surrounding medium, because of the strong Si IP/11309 
the high-ionization transitions and the fact that this component 
is not detected in Mgl. Fainter, but still significant Si II* lines 
are associated with components (d) and (e) too. On the other 
hand, the Si 11/11190 component labeled (HG) as "host galaxy" 
at 58.60 km s _1 is not present in either Si IV and Sill* transi- 
tions, suggesting that this component is due to some host galaxy 
cloud along the line of sight not modified by the GRB radiation 
field. For this component, Mg I is seen in absorption (Fig. [7]>, im- 
plyin g a distance from the GRB site ^, 100 pc (Prochask a et al.l 
120061 

The complex line profile, and the fact that different compo- 
nents may exhibit physically different line transitions, made it 
impossible to fit the system with a single Voigt profile. Therefore 
we were forced to identify the different components, before we 
could derive the column densities through a fitting procedure. 
The main goal of this work is indeed to disentangle the relative 
contribution of the different components. We use the less satu- 
rated transitions to guide this identification. We identified 7 com- 
ponents for the z = 2. 1992 system ((a) through (f), and (HG); see 
Fig-0- The redshifts of components (a) to (f), and therefore their 
velocity shifts with respect to z = 2.1992, which has been taken 
as a reference, were determined using the CIV and SilV lines. 
The redshift of the (HG) component was determined by using 
the Sill transitions. The redshifts were taken fixed when fitting 
all other lines belonging to each component with Voigt profiles. 
The Doppler parameters of these lines were also linked together. 
The column densities of non saturated and moderately saturated 
transitions of each component of the main absorption system at 
z = 2.1992 are given in Table Q Strongly saturated lines could 
not be used for column density evaluation, and accordingly a 
"SAT" is given in the tables for the corresponding transitions. 

To test the robustness of the results, in terms of the accuracy 
and stability, we performed many fits, using several combina- 
tions of line components. We found that the results presented in 
Table |7]provide a good compromise between increasing the sta- 
tistical precision of the fit, obtained by increasing the number of 
components fitted simultaneously, and the stability/repeatability 
of the results. The latter is degraded when the number of fit- 
ted parameters is increased, because of the increasingly complex 




Fig. 7. The UVES spectrum around the lines Si IV ,11393,1402, 
Sill ,11526, Sill* ,11533 lines and MgU2852. For Mgl we clearly 
see the (HG) component. The zero of the velocity scale refers to 
the redshift of the host galaxy, z = 2.1992. 



shape of the x 1 hypersurface in the parameter space, which may 
contain many local minima. We verified that the total best-fit col- 
umn density of each system is stable, within the statistical errors, 
changing the number of components in each system. 

4.1. Low-ionization lines 

Strong low-ionization lines were detected for all components. 
In four cases (Mgll, CII, A1II and A1III) reliable estimates of 
the ion column density for (c), (d), (e), (f) and (HG) compo- 
nents were possible. In all cases, strong blending of the (a) and 
(b) components with the (HG) one renders such an estimate 
difficult for these components. We observe the Sill (/11190A, 
/H193A, ,U260A, ,11304A, ,U526A), CII (A1334A), Mgll dou- 
blet W2796A, ,12803 A), A1II/U670A and the A1III doublet 
(/11854A, /11862A). From Table|7]we can see that the host galaxy 
component (HG) is present in all low ionization lines (see also 
Fig.©. 

4.2. High-ionization lines 

Figure [9] shows all high-ionization lines (NV doublet, OVI dou- 
blet) identified together with SilV and CIV. Significant column 
densities of CIV and SilV are detected for all six components (a) 
to (f). NV and OVI are detected for components (c) and (d) only. 
Confusion with the Lyman-o- forest makes it difficult to search 
for faint OVI and NV lines for the other components or to com- 
pute robust upper limits. No high-ionization lines were detected 
for component (HG). 
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Table 7. Derived column densities for the z - 2.1992 system. 



Transition 


2.1992a 


2.1992(HG) 


2.1992b 


2.1992c 


2.1992d 


2.1992e 


2.1992f 


km s _1 


-83.26 


-58.60 


-37.88 


-0.39 


+33.15 


+77.54 


+ 136.73 


Mgl 


t 


11.8+0.1 


t 


< 11.8 


12.0+0.1 


11.6+0.2 


★ 


OI 


- 


15.4±0.3 


- 


t 


t 


- 


- 


OI* 


- 


- 


- 


15.1+0.1 


14.0+0.2 


<13.7 


- 


OP* 


- 


- 


- 


14.53+0.08 


13.4+0.3 


<13.7 


- 


Mgll 


t 


14.6±0.3 


t 


14.8+0.6 


13.6+0.3 


13.4+0.3 


11.3+0.5 


CII 


t 


15.5±0.4 


t 


14.6+0.2 


14.6+0.5 


14.2+0.3 


13.06+0.21 


CII* 


- 


< 13.3 


- 


14.6+0.1 


14.2+0.3 


13.5+0.2 


< 13.3 


Sill 


t 


14.26±0.07 


t 


14.8 + 0.1 


13.9 + 0.2 


13.5 + 0.2 


12.9 + 0.2 


Sill* 


- 


< 13.0 


- 


14.28 ± 0.04 


13.1+0.1 


13.1+0.1 


12.4 + 0.3 


A1II 


t 


12.90+0.05 


t 


14.0+0.3 


12.1+0.2 


12.15+0.07 


10.6+0.5 


Aim 


t 


11.8+0.1 


t 


12.09+0.04 


11.30+0.3 






CIV 


13.40±0.05 


< 13.26 


1 i i r , a f\r\ 

13.15+0.09 


15.0+0.2 


13.63+0.07 


13.78+0.03 


13.12+0.07 


SilV 


13.07±0.07 


< 13.17 


13.2+0.1 


14.3+0.2 


13.3+0.1 


13.06+0.06 


12.76+0.09 


NV 








14.06+0.08 


15.3+0.7 






OVI 








15.2+1.9 


14.6+0.2 






Fe 


2.1992a 


2.1992(HG) 


2.1992b 


2.1992c(l)-2.1992c(2) 


2.1992d 


2.1992e 


2.1992f 


kms" 1 


-83.26 


-58.60 


-37.88 


-13.3/ +15.74 


+33.15 


+77.54 


+ 136.73 


Fell 




13.67+0.04 


13.75+0.03 


13.3+0.1 / 13.73+0.04 




14.3+0.4 




Fell* 








-/ 13.36+0.07 









t This component is blended with the host galaxy component (HG), so we cannot determine the relative column density. 
X Saturated component. 

★ Component confused by another one shifted to 5.5 km s _I with respect to (f) position. 
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Fig. 9. High-ionization absorption lines for the main system at 
z=2.1992. The zero of the velocity scale refers to the redshift of 
the host galaxy, z = 2.1992. 



Fig. 8. The "host galaxy" component (HG) is present in all low- 
ionization lines. The column density determination for compo- 
nents (a) and (b) is difficult due to their blending with the (HG) 
one. 



4.2.1 . The atoms Mgl and OI 

We detect significant amounts of both neutral Mg and O. The 
first ionization energy of Mg lies below the 1 Ryd threshold, at 



7.6 eV. This transition is not screened by H absorption and there- 
fore Mg would be ionized easily by the strong radiation coming 
from the GRB. As a consequence, the presence of significant 
Mgl implies la rge distances (> 100 pc, Proch aska et al.| [2006: 
IChen et all 120071) of the gas clouds from the GRB site. Mgl is 
detected for components (HG), (d) and (e) (see Tableland Fig. 
|7}. These components are therefore likely to be associated with 
gas clouds which are little affected by the GRB radiation field. 
Mgl of components (a) and (b) is difficult to constrain because 
of the blending with the strong HG component. Mgl is not de- 
tected for component (c), which has very high-ionization and 
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fine-structure lines, and for component (f). It should be noted 
that a line is present at 5.5 km s _1 from the position of Mgl at 
the redshift of component (f), a shift big for this line to be asso- 
ciate to the component. 

4.2.2. Fine-structure lines 

We detected several fine-structure lines associated with com- 
ponents (c), (d), (e) and (f). We identified the following lines 
arising from fine structure levels: SiII*/ll 194 A, SiII*A1197A, 
SiII*/il264A, SUI*/11309A, SiII*il533A, CII*/U335aA, 
OI*^1304A, OI**/il306A. The redshifts of all these lines were 
fixed to those of the corresponding components in the CIV and 
SilV systems. 

We also detect three Fell fine-structure lines: FeII*/U618A, 
FeII*/U621A, FeII*^2365A. The redshift of these lines is 
shifted from that found for component (c) using the CIV and 
SiV systems by about 20 kms -1 , see Fig.[l0] This suggests that 
additional structure is actually present in this absorption system. 
In the following we consider the Fell fine-structure lines as asso- 
ciated with component (c) without making further splitting in ve- 
locity. No Fell fine-structure transition is found for the other six 
components and, in particular, no fine-structure line was found 
at a redshift consistent with that of component (HG). 
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Fig. 10. The UVES spectrum around some Fell and Fell* lines 
compared with SilV /il393. The zero of the velocity scale refers 
to the redshift of the host galaxy, z = 2.1992. 

5. Properties of the medium surrounding the GRB 

5.1. Fine-structure line excitation I: constraining the density 
of the gas 

As shown in section I4.2.2I for this burst we found several fine- 
structure transitions. These levels can be populated (1) indirectly 
through excitation by ultraviolet photons, followed by fluores- 
cence, (2) through collisions between the ion and other parti- 
cles like free electrons, (3) and/or via direct photo-excitation 
by infrared photons. The first mechanism has been conclusively 



shown to be the preferr ed mechanism in two cases: GRB06041 8 
dVreeswiik et al]|2007h and GRB080319B dD'Eliaet al.l l2008). 
The latter mechanism is the less dominant one and we will not 
consider it. Whatever the case, the physical conditions of the 
interstellar medium can be probed through the detection of tran- 
sitions from these energetically lower excited levels. 

For GRB050922C fine-structure transitions are present in 
component (c), (d), (e) and (f), (see Table|7]i. 

If we assume that collisions with electrons are the domi- 
nant excitation mechanism, we can put constraints on the elec- 
tron density of the components where we found such transi- 
tio ns. A method to estim ate the electron density is presented 
by iProchaska et all (120061) . We can compare ou r results on the 
SiII*/S iII and FeII*/FeII ratios with Fig. 9 of Prochaska et al.l 
(2006), showing collisional excitation of the first excited state 
relative at the ground state for Si + , Fe + and O . We can only use 
Si II and Fe II because oxygen is satured. From this comparison 
we find for Sill n e in the range (1.3 - 3) x 10 2 crrT 3 for compo- 
nent (c), n e in the range (1.2 - 2) x 10 2 cm -3 for component (d), 
n e < 2 x 10 1 crrT 3 for component (e) and n e > 2 x 10 3 cm -3 for 
component (f). 

We have evaluated the electron density of component (c) also 
using the Fell transitions. This produces a result n e ~ (0.1 - 
5) x 10 5 cirT 3 inconsistent with the previous estimate. A possible 
reason for this inconsistency may be our simple description of a 
complex system (the excited transition lines are shifted by 20 
km s from the ground level lines). 

5.2. Fine-structure line excitation II: constraining the 
radiation field 

A competitive mechanism responsible for the presence of fine- 
structure levels is indirect UV pumping. If this is the domi- 
nant excitation mechanism, we can constrain th e GRB radiation 
field a nd the distance of the gas from the GRB. Prochaska et al. 
(2006) using the PopRatio code developed by ISilva & Viegasl 
j200lLl2002l) . analyzed the relation between the far UV radiation 
field intensity and the relative fraction of excited fine-structure 
states with respect to their ground levels (for O I, Si II and Fe II, 
see their Figs. 7 and 8). In the following we make use of these 
figures to estimate the radiation-field intensity from our column 
density data. 

Using Fig. 7 of Prochask a et al.l d2006l) . we find that our mea- 
sured ratio log(Si II*/Si II) = -0.5 +0.1 for component (c) im- 
plies a radiation field intensity G/Go = 2+ 3 x 10 5 (90% con- 
fidence interval; Go = 1.6 x 10~ 3 erg cirT 2 s _1 is the Habing 
constant). We note that the Sill lines of this component are 
moderately saturated and therefore that additional systematic 
uncertainty may affect their column densities determination. 
Fortunately, for this component we detect also Fe II and Fe II* 
transitions. The log(Fe IT/Fe II) is -0.5 + 0.1, implying a radi- 
ation field intensity G/Go = 6^ x 10 6 , consistent with the Sill 
determination, within the rather large statistical errors. 

A similarly high value of G/Gq is found for component (f) 
only, for which we found log(Si II* /Si II) = -0.5+0.3, implying 
a radiation field intensity of G/Go = 3^ ( 5 )4 x 10 s . 

For component (d) and (e) we found log(Si II*/Si II) = 
-0.8 ± 0.2 and —1.4 ± 0.4 respectively, implying radiation field 
intensity G/G = (8 ± 1) x 10 4 and G/G = 1^ x 10 4 , both 
significantly lower than for component (c). We note that the Si II 
lines of component (e) are certainly not saturated or blended with 
other components, while that of component (d) may be slightly 
blended and/or saturated. 
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While UV pumping is the likely mechanism for the popu- 
lation of fine structure levels in this GRB spectrum, we can- 
not rule out collisional exitation. The "smoking gun" of the 
UV p umping mechanism is time variability o f fine structure 
lines (IVreeswiik etalj|2007t iD'Elia et al.ll2008l) . Unfortunately 
we have only one single observation of the GRB050922C and 
therefore we cannot look for line variations. We note that com- 
ponents (c) and (f) experience the highest radiation field. 



6. Discussion 

6.1. Distances from the burst region 

We plot in Fig. QT| high to low-ionization line ratios and fine 
structure to ground state line ratios for the seven components of 
the z - 2.1992 system. The different behaviour of component 
(HG) with respect to all the others and in particular to com- 
ponents (c) and (f) is evident from this plot. The most natural 
explanation for this behaviour is to assume that the various com- 
ponents do not belong to the same physical region in the host 
galaxy. The strength of the high ionization lines and of the fine- 
structure lines, the absence of Mgl absorption, the analysis of 
the ratio of the excited levels to ground levels and the metal- 
licity analysis suggest that components (c) and (f) are closer to 
the GRB site than the other components. To better quantify this 
suggestion we performed detailed time evolving photoionization 
calculations using the GRB light-curve to estimate the photoion- 
ization fractions (assuming an opt ically thin medium) . We used 
the code initially developed b y iNicastro et al.l ( I 19991) and up- 
dated bv lKrongold et al.l (120081) . We assumed a constant density 
profile throughout the cloud, and a plane parallel geometry. We 
studied gas densities between 10 cm -3 and 10 s cm~ 3 . The ion- 
izing continuum was assumed to be a power law, F(E) — E~ r 
photons cirT 2 s _1 , with cutoffs at low and high energy. The high 
energy cutoff was fixed at 10 21 Hz. 

Our calculations require that component (c), in order to re- 
produce simultaneously the lines by OVI, NV, CIV, SilV, Fell 
and 01, the gas density would have to be between 10 5 and 10 7 
cm 4 , and the distance between 200 and 300 pc from the GRB 
siteQ 

The presence of neutral elements in the spectra of GRB af- 
terglows can place strong constraints on the distance of the gas 
from the GRB. For example, Prochaska et al. (2006) suggest that 
components showing Mgl absorption should be located at dis- 
tances greater than 100 pc from the GRB site. In the afterglow 
spectra of GRB050922C we detect neutral Mgl for three compo- 
nents: (HG), (d) and (e), see Fig. [7] In particular, the presence of 
strong Mgl absorption, absence of high-ionization lines and ex- 
cited transitions, and low metallicity, suggest that the (HG) com- 
ponent is located further away from the GRB site, in a region 
of the host galaxy not strongly affected by the GRB radiation 
field. Our time evolving photoionization calculations require a 
distance of at least 700 pc from the GRB site for this component. 
Components (d) and (e) do show fine-structure transitions. If the 
dominant excitation mechanism is UV pumping from the GRB 
radia tion field, this sugges ts a distance 55 1 kpc from the GRB 
site dProchaska et alj|2007l) . Our time evolving photoionization 
calculations require a distances 1 300 pc for both components, to 
be consistent with the observed C and Si line ratios. Component 
(d) exhibits also high-ionization absorption (NV, PV, OVI). The 
presence of these highly ionized ions, along with the presence of 
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Fig. 11. Several high- to low-ionization ion column densities ra- 
tios for the seven components of the z = 2.1992 system as a 
function of the velocity shift with respect to the redshift of the 
host galaxy. See text for details. 



low ionized ones (O I, Mg I, Fe II), can be explained at a dis- 
tance of ~ 300 pc from the GRB site if the density of this cloud 
is high enough, i.e. > 10 s cm 4 . 

For components (a) and (b) we do not have information on 
the abundance of neutral elements, because these transitions oc- 
cur at wavelenghts affected by the strong absorption of compo- 
nent (HG). The detection of CIV implies a distance to the GRB 
site closer than ~ 700 pc for both components (a) and (b). 

6.2. Carbon and iron abundances 



1 this density is implied only if both the high and low ionization lines 
come from the same gas phase. 



Following lD'Elia et al. (2007). we calculated the average [C/Fe] 
ratio, an estimator of the enrichment of the a elements relative to 
iron. We measure a mean [C/Fe] = 0.38 + 0.75, consistent with 
the va lue predicted by the models of iPipino & Matteuccil (|2004, 
2006) for a galaxy younger than 1 Gyr subject to a burst of star- 
formation. In such a case also a low [Fe/H] value is predicted, 
close t o that in Table[8] and similar to what found by D'Eli a~et~ail 
d2007l) for GRB050730. Again, we note that mean abundance 
estimates may be affected by large systematic uncertainties. 

6.3. Metallicity of the main system 

Figure[T2]shows the Ly-a absorption features. Hydrogen absorp- 
tion results in very broad lines with damped wings, reaching 
well beyond the velocity range of the heavier ions. Therefore 
is clearly impossible to separate the seven components identi- 
fied from the analysis of C IV, Si IV and Si II, and we can only 
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Table 8. Metallicity 



-3200 3200 64QC 

Velocity (km/s) 



Fig. 12. The Ly-ff absorption feature. 



estimate the metallicity of the host galaxy in terms of the ra- 
tio [X/H] between the total absorption column of the X element 
with respect to that of hydrogen. 

For this burst we measure a Hydrogen column density 
lo g/Vm = 21.3 + 0.4 cm -2 , similar to the average value found 
byljakobsson et al. (2006) for a sample of Swift GRBs. 

Table [8] gives, for each element, the total column density 
of the seven components obtained by adding the column den- 
sities for each ion (including ground states and the excited fine- 
structure levels, if these are present) and the metallicity of the 
element on a log scale. Taken at face value these metallicities are 
rather small. Furthermore, a fraction of Hydrogen may well be 
ionized, in par ticular that associated to the components closer t o 
the GRB site dWaxman & Draindl2000l iProchaska et~ai1l2007l) . 
suggesting even lower metallicities. On the other side, the quoted 
metallicities are not corrected for dust depletion. This is likely 
to be particuarly important for iron (see Savaglio 2006) while it 
should be negligible for Silicon. The Si metallicity in Table[8]is 
formally higher than that of Fe, but statistically consistent within 
the large error bars. In conclusion, even considering a little con- 
tribution from ionized Hydrogen, we can exclude metallicities 
higher than a; 1/10 solar. 

This GRB was observed by the Swift X-ray telescope (XRT) 
Swift at the same time of the UVES observations. It is there- 
fore possible to compare directly the column density determined 
from the Ly-a observation to that obtained from X-ray spec- 
troscopy. The spectrum was fitted using model including a power 
law reduced at low energy by intervening absorption at the red- 
shift of the GRB host galaxy. An additional local absorber was 
included in the fit to account for Galactic gas along the GRB 
line of sight. The c olumn density of this ab sorber was fixed at 
5.75 x 10 20 crrT 2 dDickev & Lockmanlll990 !). Solar abundances 
were adopted for the Galactic absorber while the metallicity of 
the GRB rest frame column density was fixed either to solar 
metallicities or to 1/10 solar. The best fit rest frame N# values 
are (4.7 ± 1 .9) x 10 21 cirT 2 , and (3.0+1 .0) x 10 22 cirT 2 for the two 
cases respectively. The latter value is higher than what found us- 
ing the Lyman -q in the UVES s pectru m a result consistent with 
what found by Jakobsson et al. (2006) from other GRBs. 

The metallicity estimates can be compared to metallicity 
derivati ons that use opt ical emission lines from the GRB host 
galaxy. Savaglio (2006) found an average value of -0.15 for a 
sample of 11 GRB hosts at z< 1, a value significantly higher 
than those in Table [8] The values in table [8] are significantly 
lower than this feature. As discussed above several effects can 
play a role, the main three being the exact correction for dust 
depletion, the amount of ionized Hydrogen and the fact that we 



Transition 


log A' 1 ' (cm ) 


[X/H] 


HI 


21.3 ±0.4 




C 


15.8 ±0.5 


-1.9 ±0.5 


Si 


15.3 ±0.5 


-1.5 ±0.5 


o 


15.7 ±0.3 


-2.3 ±0.3 


N 


14.9 ±0.7 


-2.3 ±0.7 


Al 


14.2 ±0.5 


-1.5 ±0.5 


Mg 


14.9 ±0.3 


-1.9 ±0.3 


Fe 


14.9 ±0.4 


-2.1 ±0.4 



(fl) Total column density of the element. 



cannot estimate the H column density of each single component. 
This is particularly relevant, since different components can be 
associated with regions of the host galaxy with very different 
metallicities. On the other hand, emission line spectroscopy of 
GRB host galaxies is very difficult to perform at z > 1, mean- 
ing that at high redshift absorption line spectroscopy of GRBs is 
probably the only tool to estimate host metallicities. 

6.4. Metallicity of the intervening systems 

The Ly-ar of three of the five intervening systems lies in the 
UVES observed band. In these cases we were able to estimate 
the HI column density (see Sections 3.2, 3.4 and 3.5), and there- 
fore the metallicity following the same approach used for the 
main system. 

For the z=2.1416 intervening system we measure [C/H] = 
-1.2 + 0.1. For the z=2.077 intervening system we measure 
[C/H]= -1.4, [Si/H]= -1.4, [Fe/H]= -1.3, [N/H]= -1.5, [0/H]= 
-1.4. For this system we can also estimate the SilV/CIV ra- 
tio, which is -0.7 ±0.1 for component (a) and -0.8 + 0.2 for 
componen t (b). These valu es are near the median value per- 
formed bv lSongailal (fl998). For the z=2.0081 intervening sys- 
tem we measure [C/H] = 0.7 + 0.5, [Si/H] = -0.1 + 0.4 and 
[Mg/H] = -1.0 + 0.2. The SilV/CIV ratio, which is -1.30 + 0.15 
for component ( c), is similar to the median value computed by 
I Songailal d l998) but a t the l ower end of the range found by 
D'Odorico & Petitiean (2001) for systems at z~ 1.9. Finally, for 
the z= 1.9885 intervening system we measure [C/H] = -0.1+0.5. 
These values are not corrected for the fractions of Si and C in 
ions different from those in observed transitions and reported in 
Tables 2, 4 and 5, and, most important are not corrected for the 
fraction of H which may be ionized. This so called 'ionization 
correcti on' is a rather steep function of the observed HI column 
density dPeroux et al. I I2007I) . and for low observed column den- 
sities, such those for the three intervening systems under study, 
may be as large as -0.3 - -0.4. Accounting for this ionization cor- 
rection, the [C/H] of the z=2.0081 and z= 1.9885 systems appear 
significantly higher than that found for the GRB host galaxy in 
Table [8] They are also higher than the typic al metallicity foun d 
in DLA and sub-DLA at similar redshifts dPeroux et~ai]|2007l) . 
We remark however that our determinations are based on rather 
sparse line detections and therefore that a more systematic work 
is needed to investigate further this issue. 



7. Conclusions 

Using the VLT high resolution spectrometer UVES, we have 
obtained a high signal to noise (~ 20) spectrum of the optical 
afterglow of GRB050922C. Five intervening systems between 
z = 2.077 and z - 1.5664 have been identified along the GRB 
line of sight, in addition to the main system at z = 2.1992, which 



Piranomonte et al.: UVES/VLT high resolution spectroscopy of GRB050922C 



11 



we identify as the redshift of the GRB host galaxy. The spectrum 
shows that the ISM of this galaxy is complex, with at least seven 
components contributing to the main absorption system. These 
systems show both high- and low-ionization lines, fine-structure 
lines and neutral element absorption lines, thus suggesting wide 
ranges of distances to the GRB site and physical properties of the 
absorbing clouds. The analysis of ratios between high and low 
ionization lines, the presence of strong fine structure line and the 
analysis of the metallicity of the clouds allow us to put quanti- 
tative constraints on the distance of the absorbing clouds to the 
GRB site. In particular, we find that component (c) is likely to 
be the closest component, with a distance 200 - 300 pc from 
the GRB site. Component HG is likely to be farthest component, 
with a distance > 700 pc. 

We calculated the average metallicity of the GRB host 
galaxy by adding the column densities of all seven compo- 
nents. This turned out to be between 1/100 and 1/10 solar, even 
for an element like Silicon, which should not be strongly af- 
fected by dust depletion. This value is roughly consistent with 
what is found by absorption spectrosc opy in other z=2-4 GRBs 
dSavaglid2006l|Prochaska et al.l20 07) but is low er than the aver- 
age found by emissio n line spectroscopy at z< 1 (Savaglio 2006; 
ISavaglio et alj|2008l) . Interestingly, the C fraction of three inter- 
vening systems at z~ 2 is nearly solar, and therefore significantly 
higher than that of the GRB host galaxy. 

The element transitions detected, the complexity of the com- 
ponents and the column densities measured are similar to the 
other high redshift GRB high resolution spectra present in the 
literature. We have no evidence of both the high velocity compo- 
nents reported for GRB02 1004 dMirabal et alj|2003t iFiore et all 
120051: IStarling et al.ll2005l) GRB030226 dKlose et al.ll2004 and 
GRB050505 dBerger et a l. 2006), an d the strong asymmetry re- 
ported for GRB^303l9lTh5ne!etaD|2003). 
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